Background {#Sec1}
==========

Genome wide association studies (GWASs) have identified thousands of single nucleotide polymorphisms (SNPs) associated with human diseases \[[@CR1]\]. Nevertheless, many disease-associated SNPs remain to be identified, which is obvious from the fact that larger GWASs targeting the same phenotype as the original and smaller GWAS regularly identify additional SNPs \[[@CR2]--[@CR4]\]. Those additional SNPs are usually SNPs from the gray zone of the original GWAS: gray zone SNPs are SNPs that are nominally significant (*p* \< 0.05) but do not reach the genome-wide level of statistical significance (*p* \< 5 × 10^− 8^) \[[@CR5], [@CR6]\]. It is, therefore, important to have a tool for prioritizing gray zone SNPs based on intrinsic SNP characteristics. A number of SNP characteristics including variation in allele frequencies among populations \[[@CR7]\], type of the linked gene(s) \[[@CR8]\], or combination of different SNP characteristics \[[@CR9]\] were proposed for SNP prioritization. No GWAS of diseases have reached a sample size at which an exhaustive evaluation of all the possible genes or SNPs associated with disease can be anticipated to uncover all of the variability influence disease development and only studies of selected phenotypes like height and smoking behavior have amassed sample sizes that can provide comprehensive analyses of genetic architecture.

Conducting large enough GWAS studies to identify all the disease-associated SNPs, especially those with small effect sizes may not be feasible. Combining small effect SNPs in polygenic score is a useful approach for risk prediction \[[@CR10], [@CR11]\]. Interestingly, polygenic risk modeling performs better when the threshold for inclusion of a SNP is lower than genome-wide significance \[[@CR12]\]. The accuracy of polygenic risk modeling will be reduced when a proportion of the variants being included are not associated with disease \[[@CR13]\].

It is known that SNPs located in regulatory regions, e.g. transcription factor (TF) binding sites, are often eQTLs, as they modulate gene expression \[[@CR14], [@CR15]\]. A number of studies report an association between eQTLs and GWAS detected SNPs \[[@CR16]--[@CR19]\]. A systematic review of SNP eQTL status in the context of GWAS statistical significance has not been conducted so far. The goal of this study was to use summary statistics from recently published large breast and lung cancer GWASs to analyze the associations between the level of statistical significance of the SNP and its eQTL status. We also studied the association between the level of statistical significance of the SNP and eQTL density in adjacent region of the SNP.

Methods {#Sec2}
=======

Retrieving data on the SNP' eQTL status {#Sec3}
---------------------------------------

We used eQTLs reported by the Genotype-Tissue Expression (GTEx) project \[[@CR20]\]. eQTL data were downloaded from the GTEx website (accessed October 12, 2018). Only cis eQTLs were used in the current analyses. To ensure robustness of the analysis, only eQTLs whose association with gene expression level remained significant after adjustment for multiple testing were used in the analysis. A total of 297,470 unique eQTLs detected in at least one out of 48 tissues analyzed by GTEx were used in the analysis. Additional file [1](#MOESM1){ref-type="media"}: Table S1 shows distribution of GTEx tested SNPs by tissue. More than 80% of eQTLs are tissue specific. Adjustment for multiple testing was done for each tissue separately based on the number of statistical tests. We used Bonferroni correction with significance level after adjustment 0.05.

All 48 tissue types available through GTEx were used in the analysis. Even though some tissues are certainly related, for example there are 13 tissues from different brain areas and 3 artery-derived tissues: artery aorta, artery coronary, and artery tibial all were analyzed separately as it was done by GTEx.

GWAS SNPs {#Sec4}
---------

We have used summary statistics from breast and lung cancer OncoArray GWASs \[[@CR21], [@CR22]\]. Those two studies were selected because for both of them complete summary statistics were readily available. The breast GWAS summary statistics were downloaded from the Genome-Wide Repository of Associations Between SNPs and Phenotypes (GRASP) database \[[@CR23]\]. Summary statistics for lung cancer GWAS is available for downloading from dbGaP: accession number phs001273.v1.p1. The sample size for the breast cancer GWAS was 122,977 cases and 105,974 controls. Lung OncoArray study included 29,266 cases and 56,450 controls. The studies analyzed over 500 K SNPs directly genotyped by the OncoArray \[[@CR24]\]. Directly genotyped SNPs include candidate SNPs for breast, colorectal, lung, ovarian and prostate cancers. The platform also includes \~ 276 K backbone tag SNPs selected by OncoArray consortium to ensure reliable imputation of additional SNP \[[@CR24]\]. Backbone SNPs are used as tag SNPs for imputation. Backbone SNPs are uniformly distributed across genome and generally show less linkage compared to all (directly genotyped plus imputed) OncoArray SNPs. We also used summary statistics from the scleroderma GWAS \[[@CR25]\]. Scleroderma, or systemic sclerosis, is an autoimmune disease characterized by fibrosis of the skin and internal organs.

There was a substantial overlap between GTEx tested SNPs (Illumina OMNI 2.5 M SNP Array) and SNPs genotyped or imputed by breast and lung GWASs: 91% eQTLs were tested in breast and 92% in lung cancer GWAS. Only SNPs genotyped/imputed by both GTEx and the GWASs were used in the analysis. As a measure of statistical significance we have used --log~10~p where p is *p*-value.

Statistical analysis {#Sec5}
--------------------

Non-parametric Mann-Whitney U test was used to compare -log~10~p(s) between eQTL and non-eQTL GWAS SNPs. To illustrate the relationship between eQTLs and the level of statistical significance (−log~10~p) in stratified analyses (Figs. [2](#Fig2){ref-type="fig"} and [4](#Fig4){ref-type="fig"}) we used means and standard error of mean (SE). For correlation analyses we have used Spearman rank order correlation tests. All statistical tests were implemented in Statistica (TIBCO Software Inc., 2017).

Results {#Sec6}
=======

SNP's eQTL status and the level of statistical significance in GWAS {#Sec7}
-------------------------------------------------------------------

Nominally significant breast cancer GWAS SNPs were used in this analysis. Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"} as well as Additional file [1](#MOESM1){ref-type="media"}: Tables S1-S3 show mean -log~10~p for the SNPs that are reported as eQTL versus SNPs that are not eQTLs in a given tissue. eQTL SNPs had higher -log~10~p regardless of the tissue specificity of the eQTL. We expected that breast tissue eQTLs will show the strongest -log~10~p inflation, based on the larger sample size of the original study to identify GWAS SNPs. We found, however, that breast eQTLs showed an average level of statistical significance compared to eQTLs for other tissue types. Table 1Mean -log~10~p for non-eQTL and eQTL breast cancer OncoArray SNPs. The eQTLs are stratified by tissue types. Only gray zone SNPs (0.05 \> *p* \> 5 × 10^− 8^) were used in this analysiseQTL tissue typenon-eQTL SNPeQTL SNP^a^MW(Z)*P*-log10p^b^N-log10p^b^NEsophagus Mucosa2.01/1.831,044,6422.27/2.04155611.992.56E-32Thyroid2.01/1.831,044,3392.24/2.01185911.554.40E-30Nerve Tibial2.01/1.831,044,3342.22/2186410.641.02E-25Pancreas2.01/1.831,045,1042.28/2.05109410.421.03E-24Artery Aorta2.01/1.831,044,9052.25/2.02129310.342.45E-24Skin Not Sun Exposed Suprapubic2.01/1.831,044,6702.23/2.01152810.161.56E-23Lung2.01/1.831,044,6152.22/2158310.12.80E-23Stomach2.01/1.831,045,2492.28/2.059499.758.90E-22Adipose Subcutaneous2.01/1.831,044,5102.21/1.9916889.759.52E-22Muscle Skeletal2.01/1.831,044,6832.22/215159.749.64E-22Esophagus Muscularis2.01/1.831,044,6422.22/215569.64.00E-21Testis2.01/1.831,044,3912.2/1.9818079.392.77E-20Esophagus Gastroesophageal Junction2.01/1.831,045,1772.26/2.0310219.363.63E-20Colon Sigmoid2.01/1.831,045,1572.25/2.0210419.354.16E-20Skin Sun Exposed Lower leg2.01/1.831,044,3982.19/1.9718009.152.53E-19Adipose Visceral Omentum2.01/1.831,044,9212.23/2.0112779.142.89E-19Heart Left Ventricle2.01/1.831,045,1322.24/2.0110668.941.70E-18Cells Transformed fibroblasts2.01/1.831,044,6392.2/1.9815598.882.98E-18Artery Coronary2.01/1.831,045,5572.3/2.066418.787.49E-18Artery Tibial2.01/1.831,044,5452.19/1.9716538.583.99E-17Brain Cerebellum2.01/1.831,045,0022.21/1.9911968.382.29E-16Breast Mammary Tissue2.01/1.831,045,1732.23/2.0110258.352.81E-16Pituitary2.01/1.831,045,2662.23/2.019328.131.82E-15Adrenal Gland2.01/1.831,045,2702.23/2.019287.995.29E-15Heart Atrial Appendage2.01/1.831,045,0512.2/1.9811477.753.56E-14Colon Transverse2.01/1.831,045,0712.21/1.9911277.753.71E-14Cells EBV-transformed lymphocytes2.01/1.831,045,6172.28/2.055817.743.81E-14Whole Blood2.01/1.831,045,0142.2/1.9811847.715.10E-14Spleen2.01/1.831,045,2432.21/1.999557.291.17E-12Liver2.01/1.831,045,5812.25/2.0261779.12E-12Brain Hypothalamus2.01/1.831,045,6932.27/2.045056.91.79E-11Prostate2.01/1.831,045,5712.23/2.016276.651.01E-10Brain Cerebellar Hemisphere2.01/1.831,045,1742.19/1.9710246.641.08E-10Brain Putamen basal ganglia2.01/1.831,045,5612.23/2.016376.61.36E-10Brain Caudate basal ganglia2.01/1.831,045,3642.19/1.978346.241.44E-09Brain Amygdala2.01/1.831,045,8052.27/2.043936.211.72E-09Vagina2.01/1.831,045,8032.25/2.023955.73.61E-08Brain Substantia nigra2.01/1.831,045,8942.28/2.053045.548.85E-08Ovary2.01/1.831,045,6272.2/1.985715.421.66E-07Brain Frontal Cortex BA92.01/1.831,045,4592.18/1.977395.372.13E-07Minor Salivary Gland2.01/1.831,045,8362.25/2.023625.362.25E-07Brain Anterior cingulate cortex BA242.01/1.831,045,5202.18/1.976785.215.21E-07Brain Nucleus accumbens basal ganglia2.01/1.831,045,4082.17/1.967905.25.41E-07Brain Spinal cord cervical c-12.01/1.831,045,7372.2/1.984614.774.66E-06Small Intestine Terminal Ileum2.01/1.831,045,5032.16/1.956954.667.51E-06Brain Cortex2.01/1.831,045,2532.13/1.939454.313.74E-05Uterus2.01/1.831,045,7802.18/1.974184.099.19E-05Brain Hippocampus2.01/1.831,045,6582.16/1.955404.041.12E-04^a^MW(Z) is a Z statistics from Mann-Whitney test for comparing two samples^b^mean/median Table 2Mean -log~10~p for not eQTL and eQTL lung cancer OncoArray SNPs. The eQTLs are stratified by tissue typeseQTL tissue typenon-eQTL SNPeQTL SNP^a^MW(Z)*P*-log10p^b^N-log10p^b^NUterus1.88/1.69798,9952.26/2.012698.622.90E-17Adipose Subcutaneous1.88/1.69798,2972.04/1.839677.985.90E-15Vagina1.88/1.69798,9972.23/1.992677.957.60E-15Spleen1.88/1.69798,6882.13/1.95767.929.90E-15Prostate1.88/1.69798,8472.16/1.934177.782.80E-14Ovary1.88/1.69798,9162.18/1.953487.724.40E-14Cells EBV-transformed lymphocytes1.88/1.69798,8932.18/1.953717.695.90E-14Pituitary1.88/1.69798,7332.12/1.895317.541.70E-13Artery Coronary1.88/1.69798,8622.12/1.894027.541.80E-13Small Intestine Terminal Ileum1.88/1.69798,8272.13/1.94377.414.60E-13Adipose Visceral Omentum1.88/1.69798,5032.07/1.857617.348.00E-13Brain Substantia nigra1.88/1.69799,0782.26/2.011867.281.20E-12Whole Blood1.88/1.69798,5782.09/1.876867.153.20E-12Brain Spinal cord cervical c-11.88/1.69798,9792.2/1.962857.094.90E-12Stomach1.88/1.69798,7242.11/1.895407.065.80E-12Breast Mammary Tissue1.88/1.69798,7032.1/1.885617.037.60E-12Brain Putamen basal ganglia1.88/1.69798,8892.14/1.913756.999.50E-12Brain Cerebellum1.88/1.69798,5242.05/1.837406.999.80E-12Brain Nucleus accumbens basal ganglia1.88/1.69798,7662.12/1.894986.961.20E-11Brain Cortex1.88/1.69798,7352.11/1.895296.91.80E-11Esophagus Gastroesophageal Junction1.88/1.69798,6282.09/1.876366.833.00E-11Artery Tibial1.88/1.69798,3252.02/1.819396.784.20E-11Colon Transverse1.88/1.69798,5672.08/1.866976.716.70E-11Pancreas1.88/1.69798,6282.09/1.876366.77.30E-11Skin Not Sun Exposed Suprapubic1.88/1.69798,3722.05/1.838926.669.30E-11Heart Atrial Appendage1.88/1.69798,5742.08/1.866906.61.30E-10Adrenal Gland1.88/1.69798,7122.06/1.845526.591.50E-10Brain Cerebellar Hemisphere1.88/1.69798,6072.04/1.836576.512.50E-10Liver1.88/1.69798,8932.11/1.893716.473.20E-10Brain Frontal Cortex BA91.88/1.69798,7882.1/1.884766.319.00E-10Skin Sun Exposed Lower leg1.88/1.69798,2612.04/1.8310036.271.20E-09Brain Hippocampus1.88/1.69798,9362.14/1.913286.123.00E-09Heart Left Ventricle1.88/1.69798,6402.07/1.856246.083.70E-09Thyroid1.88/1.69798,1302.02/1.8111345.929.60E-09Lung1.88/1.69798,3542.02/1.819105.881.20E-08Nerve Tibial1.88/1.69798,2172.02/1.8110475.851.50E-08Esophagus Mucosa1.88/1.69798,3162.03/1.829485.851.50E-08Minor Salivary Gland1.88/1.69799,0322.14/1.912325.841.60E-08Artery Aorta1.88/1.69798,4982.01/1.87665.693.70E-08Brain Caudate basal ganglia1.88/1.69798,7712.04/1.834935.539.10E-08Colon Sigmoid1.88/1.69798,6582.05/1.836065.451.40E-07Testis1.88/1.69798,1952.01/1.810695.441.50E-07Brain Hypothalamus1.88/1.69798,9382.12/1.893265.41.80E-07Muscle Skeletal1.88/1.69798,4092.02/1.818555.224.90E-07Cells Transformed fibroblasts1.88/1.69798,3752.02/1.818895.061.10E-06Brain Anterior cingulate cortex BA241.88/1.69798,8802.02/1.813843.911.90E-04Brain Amygdala1.88/1.69799,0221.98/1.782422.442.00E-02^a^MW(Z) is a Z statistics from Mann-Whitney test for comparing two samples^b^mean/median

Similar to breast cancer, in lung cancer GWAS we also found that the SNPs reported as eQTLs tended to be more significant regardless of the tissue specificity of the eQTL (Table [2](#Tab2){ref-type="table"}). Lung tissue specific eQTLs were associated with an average (typical) inflation of -log~10~p compared to eQTLs specific for other tissue types.

SNPs showing eQTL activity in multiple tissues (pan-tissue eQTLs) exhibit a higher -log~10~p inflation {#Sec8}
------------------------------------------------------------------------------------------------------

eQTLs can be roughly divided into tissue specific (those reported as an eQTL in a single tissue type) and pan-tissue eQTLs -- those showing eQTL activity across multiple tissues. Additional file [1](#MOESM1){ref-type="media"}: Table S1 shows the distribution of eQTL SNPs by the number of tissues where they are reported. Over 80% of eQTLs are tissue-specific while only a few SNPs show eQTL activity across all 48 tissues.

GWAS SNPs were subdivided into 5 categories based on the number of tissues where a SNP is reported as eQTL: "0", "1", "2", "3" and "\> 3" and mean -log~10~ps were computed in each category (Fig. [1](#Fig1){ref-type="fig"}). Figure [1](#Fig1){ref-type="fig"}a shows the result of the analyses of breast cancer GWAS SNPs and Fig. [1](#Fig1){ref-type="fig"}b - lung cancer GWAS SNPs. In both studies pan-tissue eQTLs show a higher inflation of -log~10~p compared to tissue specific eQTLs. Fig. 1Mean -log~10~p in SNPs stratified by the number of tissues where it is reported as an eQTL. **a** Breast cancer GWAS; **b** Lung cancer GWAS

Statistical significance of a SNP in GWA studies is positively associated with the number of eQTLs in its adjacent region {#Sec9}
-------------------------------------------------------------------------------------------------------------------------

We tested if the density of eQTLs in the adjacent ±5 kb region is associated with the level of statistical significance of the SNP in GWASs. The size of the adjacent region was selected because it is a typical size of haplotype blocks in the human genome \[[@CR26]\]. SNPs were categorized by the number of eQTLs in the adjacent region and mean -log~10~p were estimated for each category (Fig. [2](#Fig2){ref-type="fig"}). We found that -log~10~p(s) for breast cancer (upper panel) SNPs were positively associated with the number of eQTLs in adjacent regions. There was a linear association in 0--6 eQTLs interval and after that the curve plateaued. For SNPs that themselves are not eQTLs (a) and eQTLs (b) the associations were similar. The results for lung cancer GWAS (c, d) were similar to the breast cancer GWAS results. Fig. 2The relationship between the number of eQTLs in ±5 kb adjacent region of the anchor SNP and the level of statistical significance. **a** Breast cancer gray zone SNPs that are not eQTLs. **b** Gray zone SNPs from breast cancer GWAS that are eQTLs. **c** Gray zone SNPs from lung cancer GWAS that are not eQTLs. **d**. Gray zone SNPs from lung cancer GWAS that are eQTLs. Vertical bars show standard error (SE) of the mean

SNPs with a higher density of eQTLs in adjacent region are more likely to be located in regulatory regions {#Sec10}
----------------------------------------------------------------------------------------------------------

High eQTL density may be indicative of high density of regulatory elements in the region. Based on the density of eQTLs in the adjacent region we subdivided GWAS SNPs into three categories: low density (no eQTLs detected in ±5 kb region), intermediate density (1--7 eQTLs); and high density -- eight or more eQTLs in the adjacent region of the anchor SNP. The cut points for these categories were chosen to ensure similar sizes of the groups. Encyclopedia of DNA Elements (ENCODE) data \[[@CR27]\] were used to identify transcription factor (TF) and miRNA binding sites \[[@CR28]\]. Figure [3](#Fig3){ref-type="fig"} shows the proportions of SNPs co-localizing with TF (3a) and miRNA binding sites (3b) among GWAS SNPs with low, intermediate and high density of eQTLs in adjacent regions. We found that SNPs with high density of eQTLs in adjacent regions are more likely to be located in regulatory regions. Fig. 3The proportion of transcription factor (**a**) and miRNA (**b**) binding sites in SNPs categorized by low, intermediate and high density of eQTLs in ±5 kb adjacent region. Vertical bars represent standard errors of mean. Horizontal black lines represent the proportion of non- eQTL SNPs co-localizing with TF binding sites (**a**) and miRNA binding sites (**b**). Horizontal blue lines represent the proportion of eQTL SNPs co-localizing with TF and miRNA binding sites. Orange areas represent SE of means for the analysis. Black vertical bars show standard error (SE) of the mean

The comparison of all eQTL SNPs (blue lines on Fig. [3](#Fig3){ref-type="fig"}) versus all non eQTL SNPs (black lines on Fig. [3](#Fig3){ref-type="fig"}) shows that eQTL SNPs are more likely to co-localize with TF binding sites (Fig. [3](#Fig3){ref-type="fig"}a) as well as miRNA binding sites (Fig. [3](#Fig3){ref-type="fig"}b).

Genome chopping {#Sec11}
---------------

The detected positive association between eQTL density in adjacent regions of the SNPs and its level of statistical significance in GWAS can potentially be biased because of a non-uniform distribution of SNPs along chromosomes. If the SNP density is higher in a region of GWAS peaks, the 5 kb regions of the many SNPs located in the peak will overlap and, as a result, be overrepresented in the analysis. To assess the association between eQTL density and the level of statistical significance in non-overlapping regions we divided the human genome into consecutive (non-overlapping) 5 kb fragments starting from the first nucleotide of each chromosome. The total number of fragments was 558,455. About 70% of fragments (total 391,824) do not contain eQTLs. The highest number of eQTLs was detected in a fragment on chromosome 5, position 570,305,043--70,310,042 -- 117 eQTLs. Additional file [1](#MOESM1){ref-type="media"}: Figure S1a shows the distribution of the fragments by the number of eQTLs in them. Additional file [1](#MOESM1){ref-type="media"}: Figure S1b shows the distribution of fragments by the number of genotyped lung cancer GWAS SNPs in them. The mean and median numbers of SNPs per fragment are correspondingly 35.1 and 33. Similar results were obtained for breast cancer GWAS SNPs (Additional file [1](#MOESM1){ref-type="media"}: Figure S1c).

We observed a significant positive association between the number of eQTLs in non-overlapping fragments and the mean -log~10~p for the breast cancer GWAS SNPs from the corresponding fragments (Spearman Rank Order correlation *R* = 0.05, df = 558,455, *p* = 7.5 × 10^− 28^). The correlation remained significant after the exclusion of all fragments with at least one genome wide significant SNP (Spearman Rank Order correlation *R* = 0.05, df = 554,672, *p* = 3.4 × 10^− 26^). A similar association was observed for lung GWAS SNPs: *R* = 0.03, df = 558,455, *p* = 3.6 × 10^− 18^. The correlation remained significant after the exclusion of all fragments with at least one genome wide significant SNP (Spearman Rank Order correlation *R* = 0.03, df = 557,675, *p* = 3.9 × 10^− 16^).

Proportions of eQTLs in groups of SNPs categorized by the level of statistical significance in GWAS {#Sec12}
---------------------------------------------------------------------------------------------------

The results of several studies suggest that eQTLs are more likely to be causal, risk-associated SNPs compared to non-eQTL SNPs \[[@CR29]--[@CR32]\]. If it is true, the proportion of eQTLs among more significant SNPs is expected to be higher. We subdivided GWAS SNPs into 4 categories based on the level of their statistical significance and estimated proportions of eQTLs in them: *white noise* -- SNPs that do not reach the level of nominal significance *p* \> 0.05; *light gray* SNPs -- SNPs in the lower part of the gray zone those that are nominally significant but do not reach genome wide level of statistical significance 0.05 \> *p* \> 5 × 10^− 5^; *dark gray* SNPs -- SNPs in the upper part of the gray zone: 5 × 10^− 5^ \> *p* \> 5 × 10^− 8^, and genome wide *(GW) significant* SNPs -- those with *p* \< 5 × 10^− 8^. We estimated the proportions of eQTLs in each category.

The proportions of eQTLs were higher among more significant SNPs (Fig. [4](#Fig4){ref-type="fig"}a and c). We noted that eQTLs not only became more frequent as GWAS significance level went up, but they as well became more significant themselves: -log~10~q (where q is the *p* value for association between the number of variant alleles and gene expression adjusted for multiple testing) significantly increases from white noise to GW significant SNPs (Fig. [4](#Fig4){ref-type="fig"}b and d). Fig. 4The proportions (**a** and **c**) and significance (**b** and **d**) of eQTLs among SNPs from breast (upper panel) and lung (lower panel) cancer GWASs categorized by the level of statistical significance. Vertical bars show standard error (SE) of the mean

For a more granular analysis we categorized GWAS SNPs based on the level of statistical significance using 0.5 increments for -log~10~p (16 categories in total). Figure [5](#Fig5){ref-type="fig"}, left panel, shows results for breast cancer, and right -- for lung cancer GWAS. For nonsignificant SNPs (blue-shaded areas - those with -log~10~p between 0 and 1.3), the proportion of eQTLs was low and flat across all categories, with the average proportion of eQTLs 1.40 ± 0.01% in lung cancer and \~ 2.11 ± 0.01 in breast cancer. For breast cancer GWAS gray zone SNPs (those with -log~10~p between 1.3 and 7.3), the average percentage of eQTLs was 2.14 ± 0.01%. For gray zone SNPs we observed a significant positive association between the proportion of eQTLs and -log~10~p (Spearman rank order correlation *R* = 0.95, *N* = 12, *p* = 2.1 × 10^− 6^). Since the number of SNPs with genome wide level of statistical significance is relatively small, we combined them together. For lung cancer GWAS, the association between the level of GWAS significance and the proportion of eQTLs was similar to that in the breast cancer GWAS. Fig. 5Proportions of eQTLs in breast (left panel) and lung (right panel) cancer GWAS SNPs categorized based on -log~10~p with 0.5 increments. Blue shade indicates non-significant SNPs (*p* \> 0.05), gray shade - gray zone SNPs (0.05 \> *p* \> 5 × 10^− 8^), and orange - SNPs significant at the genome-wide level (*p* \< 5 × 10^− 8^). Vertical bars show standard error (SE) of the mean

Analysis of backbone SNPs {#Sec13}
-------------------------

The results generated by analyses of backbone SNPs were similar to those generated by the analyses of all OncoArray SNPs. Regardless of their tissue specificity backbone eQTL SNPs tended to be more significant than non-eQTL SNPs in both breast and lung GWASs (Additional file [1](#MOESM1){ref-type="media"}: Tables S2 and S3). Densities of eQTLs in the 5 kb adjacent region were positively associated with -log~10~p in both breast and lung backbone SNPs (Additional file [1](#MOESM1){ref-type="media"}: Figure S2).

Scleroderma GWAS {#Sec14}
----------------

We analyzed summary statistics from scleroderma GWAS to check if findings from cancer GWASs hold for noncancerous disease. The results of the analysis of association between a SNP's eQTL status and the level of statistical significance in scleroderma GWAS were similar to the results for breast and lung cancer GWASs. SNPs reported as eQTLs tended to be more significant in scleroderma GWAS than non-eQTL SNPs regardless of the tissue specificity (Additional file [1](#MOESM1){ref-type="media"}: Table S4). Similar to the analyses of breast and lung GWASs we found that eQTL density in the adjacent ±5 kb region was positively associated with the level of statistical significance (Additional file [1](#MOESM1){ref-type="media"}: Figure S3).

Discussion {#Sec15}
==========

We found that GWAS eQTL SNPs tended to be more significant compared to non-eQTL SNPs. Tissue-specific eQTLs (breast and lung eQTLs in this analysis) did not show a higher level of inflation in significance level compared to other tissues. The likely reason for the lack of tissue specificity may be that eQTLs often show multiple-tissue effects. Almost 20% of eQTLs have more than one target tissue. An overlap across different tissue types is stronger when less stringent criteria to define eQTLs are used \[[@CR33]\]. When a SNP acts as a eQTL in multiple tissue types, the direction of the effect is the same in more than 97% cases \[[@CR33]\]. Based on this observation one can suggest that eQTLs with a significant effect on gene expression in one tissue type often have a similar effect in other tissue types. eQTLs with pan-tissue effects are not currently very common because they may not have been all identified due to the small sample size of GTEx \[[@CR20]\].

We found that the level of statistical significance of a SNP in GWAS is positively associated with the eQTL density in its adjacent region regardless of its eQTL status. We think that the reason for these associations can be that some SNPs that are not reported as eQTLs are, in fact, eQTLs (false negatives). This suggestion is further supported by the observation that non-eQTL SNPs located in eQTL-rich regions often co-localize with regulatory regions.

We also noted that the proportion of eQTLs increases with the increasing level of statistical significance in GWAS and reaches plateau at the level of \~ 10^− 5^--10^− 6^. The simplest explanation to this can be that eQTLs have a higher probability to be causal, risk-associated SNPs and as a result categories with a high level of statistical significance have a higher proportion of eQTL SNPs. Proportions of eQTLs in the group may reflect the proportion of true positives. This analysis found that the proportion of eQTLs plateaued at the level of statistical significance about 10^− 5^, suggesting that the proportions of causal SNPs may be similar among dark gray SNPs and SNPs at the genome-wide level of statistical significance.

It is likely that the associations found between eQTL status/density and the level of statistical significance in cancer GWASs also hold for other phenotypes. This is supported by analysis of summary statistics for scleroderma GWAS. F.

The effect size of the association between eQTLs and the level of statistical significance was relatively small. This suggests that although the eQTL status of the SNP as well as eQTL density in the surrounding region can be useful in SNP prioritizing it would be better to use them in combination with other SNP characteristics associated with functionality, e.g. the level of evolutionary conservation of the site \[[@CR34]\]. The limitation of our analysis is that -log~10~p is study specific (GWASs with a larger sample size are likely to have a larger for -log~10~ps) which makes it difficult to generalize exact shapes of SNP/eQTL relationships.

The major findings of this study are: eQTL SNPs are more significant in GWASs regardless of their tissue specificity;Pan-tissue eQTLs are associated with a higher inflation of -log~10~p compared to tissue specific eQTLs;SNPs located in regions of high eQTL density are more significant in GWAS regardless of their own eQTL status;The probability of a SNP to be an eQTL is positively associated with the level of statistical significance in a GWAS. The association curve plateaued after -log~10~p\~ 5 suggesting that SNPs from the dark gray zone (10^− 5^ \> *p* \> 5 × 10^− 8^) and SNPs at the genome wide level of statistical significance have a similar proportion of causal SNPs.

Conclusions {#Sec16}
===========

Our results suggest that a substantial subset of SNPs in the dark grey zone are eQTLs and therefore likely to be causally associated with disease development. Causal risk-associated SNPs from dark gray zone may not be detected by GWAS because of their smaller effect size and the limited sample sizes available from most GWAS studies. Nevertheless, SNPs that are associated with an increased risk for disease development should be included as a part of the polygenic risk score modeling process. Results that we have obtained suggest prioritizing SNPs for polygenic risk score modeling that are strongly or moderately associated with disease risk and act as eQTLs, particularly in multiple tissues.

Supplementary information
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**Additional file 1: Table S1.** Distribution of eQTL SNPs by the number of tissues where they are reported as eQTLs. eQTL SNPs with "Number of tissues" equal to one are tissue specific; others are pan-tissue. **Table S2.** Mean -log~10~p for non-eQTL and eQTL backbone breast cancer OncoArray SNPs. The eQTLs are stratified by tissue types. **Table S3.** Mean -log~10~p for non-eQTL and eQTL backbone lung cancer OncoArray SNPs. The eQTLs are stratified by tissue types. **Table S4.** Mean -log~10~p for non-eQTL and eQTL scleroderma GWAS SNPs. The eQTLs are stratified by tissue types. **Figure S1.** a) The distribution of non-overlapping 5 kb fragments by the number of eQTLs. b) The distribution of 5 kb non-overlapping chromosomal fragments by the number of lung GWAS SNPs. c) Distribution of 5 kb non-overlapping chromosomal fragments by the number of breast cancer GWAS SNPs. **Figure S2.** The relationship between the number of eQTLs in the ±5 kb adjacent region and the level of statistical significance of the backbone SNP. **a.** Breast cancer GWAS SNPs. **b.** Lung cancer GWAS SNPs. Shaded circle indicate SNPs with \> 18 eQTLs in ±5 kb adjacent region. Vertical bars show standard error (SE) of the mean. **Figure S3.** The relationship between the number of eQTLs in ±5 kb adjacent region and the level of statistical significance of scleroderma SNP. Shaded circle indicate SNPs with \> 18 eQTLs in ±5 kb adjacent region. Vertical bars show standard error (SE) of the mean.
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